Introduction
Atrial fibrillation (AF), the most common cardiac arrhythmia, is associated with morbidity and mortality in heart failure. Studies of animal models with electrically induced AF, and clinical experience of paroxysmal AF in humans both suggest that AF is a self-perpetuating arrhythmia [1, 2] . AF-induced electrical, contractile, and structural remodeling contribute to persistent AF [3] . Recently, a study using combined metabolomic and proteomic analysis reported changes in metabolic proteins in persistent AF in human patients [4] . Diabetic patients also showed higher susceptibility to AF [5] . This suggests that metabolic remodeling and dysfunction might also contribute to AF persistence, whereas the molecular mechanism underlying the impact of cardiac metabolic remodeling on AF persistence remains unclear. Moreover, metabolic activity is known to be closely linked to ion channel functions whose alternation is the basis of electric remodeling in arrhythmia, indicating that metabolic remodeling might be associated with arrhythmia through effects on ion homeostasis [6] . A better understanding of the molecular mechanisms underlying cardiac metabolic remodeling in AF may provide valuable information that could identify potential new targets for pharmacological interventions for the treatment of AF.
The activation of β-adrenoceptors (β-ARs) has been reported to participate in the regulation of cardiac functions [7] . Thus far, at least three subtypes, β1-, β2-, and β3-ARs, have been identified in the human atrium. The β3-AR differs from the other two β-ARs in its molecular structure and pharmacological functions [7] . While β1-and β2-AR2 stimulation leads to increased heart contractility, β3-AR stimulation mediates attenuation of cardiac contractility [8] . Although the expression and function of β3-ARs in the human heart were identified decades ago, the precise mechanism of β3-AR in cardiac regulation remains unclear. It has been classically thought that β3-AR mediates metabolic processes (e.g., lipolysis) in adipocytes [9] . A recent report from Yu et al. showed that activation of β3-AR promoted atrial electrical remodeling, possibly by altering the calcium and potassium current, in rapidly paced atrial myocytes [10] . Additionally, Sheng et al. also found that in the canine model of pacing-induced AF, upregulation of the β3-AR contributed to oxidative stress, and exacerbated atrial structural remodeling [11] . These studies indicated a close link between β3-AR and AF, while it has not been reported whether β3-AR affects energy metabolic remodeling in the initiation and persistence of AF, and the possible signaling pathway involved after the activation of β3-AR remains unknown.
Cardiac function of the human heart and the rabbit heart is similar, and β3-AR is expressed in rabbit ventricular cardiomyocytes [12] . Activation of β3-AR resulted in decreased rabbit cardiomyocyte contractility and a shortened action potential duration [12] . In this study, we used a rabbit model of pacing-induced AF to investigate the role of β3-AR in metabolic remodeling. Cardiac metabolic remodeling has been reported to be associated with an increased dependence on glucose, rather than fatty acids [13] . These substrates are transported into cardiomyocytes by glucose transporter-4 (GLUT-4) and the fatty acid transporter CD36 [14] . Carnitine-palmitoyltransferase I (CPT-1) is a rate-limiting enzyme in fatty acid metabolism [15] , and downregulation of CPT-1 is associated with decreased fatty acid metabolism resulting in increased lipid droplet aggregation and plasma fatty acid levels. Changes in the activity and kinetic properties of these proteins might cause altered oxidation of fatty acids and glucose [16, 17] . Therefore, to determine whether activation of β3-AR mediated disrupted energy metabolism, we compared the expression levels of CD36, CPT-1, and GLUT-4 between groups. Stimulation of β3-AR could mediate fatty acid oxidation and reduction through the activation of extracellular mitogen-activated protein kinase (MAPK) and peroxisome proliferator-activated receptor-α (PPARα) pathways, and this process has been shown to be associated with enhanced metabolic remodeling in heart failure [18] . In this respect, we further investigated whether the PPARα/PGC-1α signaling pathway is involved in the β3-AR-mediated effect in metabolic remodeling.
Materials and Methods

Rabbit model of AF and experimental groups
Animal handling was in agreement with the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23), and the procedures were approved by the Animal Experimentation Ethics Committee of Harbin Medical University.
The AF animal model was previously established by Yu et al. [10] . Briefly, New Zealand white rabbits (2.0 -2.5 kg) were anesthetized with ketamine (35 mg/kg; Sigma Aldrich, St. Louis, MO, USA) and xylazine (5 mg/kg, i.m., Sigma Aldrich). Additional doses (ketamine, 15 mg/kg; xylazine, 2 mg/kg) were given as necessary to maintain appropriate anesthesia. The adequacy of anesthesia was confirmed by observing a complete loss of corneal reflexes and by the absence of any reaction to incision. Vital signs were monitored for all procedures. A sterile thoracotomy was performed under mechanical ventilation after intubation. A bipolar electrode was placed and sutured into the right atrium, and was then connected with a programmable pacemaker (Fudan University, Shanghai, China). After 7 days of recovery, rabbits were divided into two groups: 1) the control group (n = 8) that had sinus rhythm in which the pacemaker remained off, and 2) the pacing group (P7, n = 24) with the pacemaker turned on and maintained for 1 week at 600 beats per minute (bpm). A surface ECG was recorded once a day to monitor the pacing rate.
Experimental protocol
When pacing was started, the pacing group was further divided into three groups: 1) the random group (n = 8) in which animals received no treatment, 2) the BRL group in which animals were treated with a β3-AR agonist (BRL37344), and 3) the SR group in which animals were treated with a β3-AR antagonist (SR59230A). All experiments were carried out in the presence of 10-μM nadolol (an antagonist for β1-and β2-ARs) 30 min before antagonist or agonist infusion. At 25 min after pacing was started, BRL37344 (9 μg/kg) or SR59230A (0.5 mg/kg) was initially administered by pump infusion for at least 30 min, followed by infusion twice a day throughout the study period [10, 12, 19] . The control group was given the vehicle solvent of the β3-AR agonist and antagonist. All chemicals were purchased from Sigma-Aldrich.
At the end of the experimental procedure, the rabbits were anesthetized (ketamine, 30 mg/kg, i.m.) and echocardiography measurements were taken. Rabbits were euthanized (ketamine, 105 mg/kg; xylazine, 15 mg/kg, i.m.) and blood samples were collected from the hearts. The left and right atrial tissues were rapidly isolated, frozen in liquid nitrogen and stored at -80°C for further molecular biological experiments, or immersed in the 10% formaldehyde for subsequent histology staining.
Induction of AF and recording of atrial effective refractory period (AERP)
Initially a train of eight basic stimuli (S1) followed by a premature stimulus (S2) with an S1-S2 interval was given. The S1-S2 interval was decreased by 5 ms decrements until S2 failed to produce the atrial response. The S1-S2 interval was then increased by 5 ms and decreased in 2 ms steps until S2 failed to capture the depolarization. AERP was defined as the longest S1-S2 interval failing to initiate atrial depolarization, and was measured at a basic cycle lengths (BCLs) (200 ms). The mean value of three AERPs was used for data analysis. After AERP measurement, AF was induced with a train of 10 Hz, 2 ms stimuli to the right atrium at four times the threshold current. AF was defined as a rapid and irregular atrial rhythm. The atrial electrogram morphology and surface ECG were recorded.
Measurements of adenosine 5'-triphosphate (ATP) and free fatty acid (FFA)
ATP and FFA concentration measurement kits were purchased from Jiancheng Biological Technical Institute (China). All procedures were performed following the manufacturer's instructions. Frozen tissues were homogenized in a saline buffer and centrifuged at 10000 g for 5 min. Blood samples were centrifuged at 2000 g to obtain plasma. Tissue ATP and FFA and plasma FFA were measured by spectrophotometer colorimetry at 636 nm and 440 nm, respectively [20, 21] .
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Oil red O staining Accumulation of lipid droplets in cardiac myocytes was observed by Oil Red O staining. Ten-micronthick frozen sections were obtained with a Leica CM1850, and recovered at room temperature for 3 -5 min. Lipid droplets are shown in red and nuclei in blue.
Periodic acid Schiff (PAS) staining
Atrial tissues were cut into small pieces and immersed in 10% formaldehyde for 24 h. Tissues were then embedded in a paraffin block and cut into 5-μm-thick sections. PAS staining was performed to evaluate glycogen distribution in myocytes.
Western blotting (WB)
Total proteins were extracted from tissues, separated by SDS-PAGE (8-15%), and transferred onto polyvinylidene difluoride membranes, as described previously [11, 14] . Primary antibodies for β3-AR (1:100, Santa Cruz), CD36 (1:100, Santa Cruz), mCPT-1α (1:100, Santa Cruz), GLUT-4 (1:500, Abcam), PPARα (1:100, Santa Cruz), or PGC-1α (1:500, Abcam) were used to detect specific proteins. Antibody against β-actin (1:5000, ZSGB Biological Company) was used as an internal control. Horseradish peroxidase-conjugated anti-goat (1:1000, Beyotime) or anti-mouse (1:1000, ZSGB Biological Company) IgGs were used to bind the primary antibodies. After 4 TBST washes, the blots were developed with chemiluminescence, and were digitized using Bio-Rad image analysis software.
Real-time PCR
Total RNA was obtained by TRIzol (Invitrogen) extraction. Reverse transcription was carried out using the AccuPower R RocketScript TM RT Premix Kit (Bioneer). Quantitative real-time PCR was performed with SYBR Green (TianGen) incorporation on an ABI 7500 Real Time PCR system (Applied Biosystems). β-Actin was used as an internal gene expression control. The primers used in this study are summarized in Table 1 .
Data analysis and statistics
Data are expressed as mean ± S.D. Differences between groups were evaluated by analysis of variance (ANOVA) followed by Dunnett's T3 or LSD post hoc test in the SPSS 17.0 software. Statistically significant differences were defined as p < 0.05. 
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Results
Upregulation of β3-AR in rabbits with pacing-induced AF
The RT-PCR result showed that the β3-AR mRNA levels in the pacing group (P7) and in the β3-AR agonist treated group (BRL) were significantly higher than in the control group (CON) (Fig. 1A) . WB results also revealed a significant upregulation of β3-AR protein in the P7 and BRL groups (Fig. 1B and C) compared to the control group. This result is consistent with Sheng's previous report that β3-AR expression increased in a canine model of pacinginduced AF [11] . Interestingly, expression of β3-AR protein in the group treated with 0.5 mg/kg of β3-AR antagonist, SR59230A, was barely detected by WB (Fig. 1 B) , implying that application of the β3-AR antagonist might completely inhibit β3-AR expression.
Inhibition of β3-AR decreased inducibility of AF in the rabbit model
The pacing rhythm was recorded at 600 bpm using surface ECG, and a representative trace is presented in Figure 2A . The AF induction rate in rabbits from each group is summarized in Figure 2B . None of the rabbits (0/8) in the control group had AF. In the pacing group (P7), 6 out of 8 (75%) rabbits had induced AF. All rabbits (8/8, 100%) in the BRL group treated with β3-AR agonist BRL37344 had induced AF. In contrast, the SR group treated with the β3-AR antagonist, SR59230A, showed only 37.5% (3/8) AF induction. This result suggests that inhibition of β3-AR using SR59230A decreased the rate of AF inducibility. 
Inhibition of β3-AR reversed rapid pacing-induced AERP reduction
Further, we compared the AERP among groups. Representative AERP 200 recording are presented in Figure 3A 
Inhibition of β3-AR reversed ATP reduction in the atria of rabbits with AF
ATP concentration in the rabbit atrial issue was compared among groups (Fig. 4) . Compared to the control group, the P7 group showed a 28.96% reduction in the ATP concentration (15.33 ± 3.06 vs. 21.58 ± 0.52 μmol/gprot, p = 0.20). In the SR group, application of β3-AR antagonist resulted in a higher level of ATP compared to that in the P7 group, although the difference was not statistically different (p = 0.17). Application of the β3-AR agonist, BRL37344, resulted in a significantly decreased ATP content that dropped to 6.81% of the CON group (1.47 ± 0.15 vs. 21.58 ± 0.52 μmol/gprot, p < 0.001) and 9.59% of the P7 group (1.47 ± 0.15 vs. 15.33 ± 3.06 μmol/gprot, p < 0.001).
Inhibition of β3-AR reversed plasma and atrial tissue FFA alternations in rabbits with AF Next, we evaluated the FFA level in the plasma and atrial tissue of the rabbits. Compared to the control group, the P7 group with rapid pacing-induced AF had a significantly increased Fig. 5B ).
Alterations in the accumulation of glycogen and lipid droplets in the cardiac tissue
Glycogen accumulation is a prominent manifestation of AF structural remodeling. Using PAS staining (Fig. 6) , we observed that the P7 group had obvious glycogen accumulation (Fig. 6 A) , as seen by an increase in PAS staining (Fig. 6  B) in the cardiac tissue. Application of SR59230A in the pacing animals alleviated the glycogen accumulation (Fig. 6 C) , indicating that inhibition of β3-AR improved AF structural remodeling. Oil red O staining was used to compare lipid droplet accumulation in the cardiac tissue among groups (Fig. 6 E-H) . Compared to the control group, the P7 and BRL groups both showed fewer lipid droplets (in red, arrows in Fig. 6 F and H) . The SR group showed more Oil red O-positive cells (Fig. 6 G) . These results indicated that pacing-induced AF led to glycogen accumulation and decreased lipid droplets in the cardiac tissue. Activation of β3-AR exhibited similar effects as pacing-induced AF on structural remodeling, while inhibition of β3-AR partially reversed the alternations.
Alterations in the gene and protein levels of glucose and fatty acid transport
To confirm whether AF-induced changes in glycogen and lipid accumulation in cardiac tissue are related to altered fatty acid and glucose metabolism, we further compared the mRNA and protein levels of the key regulators, CPT-1 and CD36, in fatty acid metabolism, and GLUT-4 in glucose metabolism. Our results showed that both gene and protein levels of CPT-1 and CD36 were significantly reduced in the P7 group (p < 0.05, Fig. 7 A-C), suggesting decreased fatty acid metabolism after AF induction. The SR group with β3-AR inhibition showed significantly higher CPT-1 and CD36 levels than the P7 group (p < 0.05) but no statistically significant difference compared to the control group. The BRL group showed significant decreases in both gene and protein levels of CPT-1 and CD36 compared to the control and SR group (p < 0.05, Fig. 7) .
Compared to the control group, GLUT-4 mRNA and protein levels were decreased in the P7 group, but the decline in its protein level in the P7 group did not show any statistical significance (p = 0.2). BRL37344 infusion significantly reduced GLUT-4 protein (p < 0.05) and mRNA levels (p < 0.01) compared to the control group. The GLUT-4 expression in the BRL group was also significantly lower than that in the SR group (p < 0.01, for both gene and protein levels, Fig. 7 ).
SR59230A inhibited pacing-induced decreases in PPARα/PGC-1α
PPARα and its co-activator PGC-1α constitute the key signaling pathway involved in the energy metabolism. In this study, RT-PCR and WB results showed that both mRNA and protein levels of PPARα and PGC-1α were significantly reduced in the P7 group, suggesting that pacing-induced metabolic remodeling involved downregulation of PPARα/PGC-1α signaling. Inhibition of β3-AR using SR59230A restored the pacing-induced decline in both protein and gene levels. The SR group showed similar levels of PPARα and PGC-1α to those of the control group (Fig. 8) . In contrast, activation of β3-AR by BRL37344 infusion aggravated the pacing-induced reduction of PPARα/PGC-1α signaling. All of these results suggest that the PPARα/PGC-1α signaling pathway might be the relevant down-stream molecular machinery in β3-AR mediated metabolic remodeling of the rabbit AF model.
Discussion
In this study, we reported that in the rabbit model of pacing-induced AF, the expression of β3-AR was increased, and activation of β3-AR mediated metabolic-related protein remodeling. Activation of β3-AR by an exogenous agonist decreased the adverse effects of AF, possibly by increasing myocardial substrate utilization, while inhibition of β3-AR partially decreased inducibility of AF, and reversed the pacing induced AERP reduction and ATP concentration. β3-AR mediated changes in glycogen and lipid droplet accumulation and altered glucose and fatty acid metabolism might be responsible for metabolic-related protein remodeling. β3-AR dependent regulation of PPARα and PGC-1α levels suggests that the PPARα/PGC-1α signaling pathway might be the down-stream molecular machinery of the β3-AR mediated metabolic-related protein remodeling. All of these results suggest a
critical role of β3-AR in regulating AF-induced metabolic-related protein remodeling in a rabbit model of pacing-induced AF.
β3-AR activation exacerbates cardiac metabolism during AF
The β-AR system plays an important role in cardiac physiology and pathology. In contrast to the β1-and β2-AR, β3-AR has gained more attention because of its disputative therapeutic perspective. β3-AR is upregulated during heart failure [22] . However, its role remains debatable. Several studies have reported that activation of β3-AR can prevent heart failure; in contrary, some studies reported deleterious effects of β3-AR agonists. A clinical trial demonstrated that administration of nebivolol, a β3-AR agonist, improved hemodynamic parameters in patients with heart failure [23] . However another trial also reported that nebivolol failed to improve outcomes in patients with stable heart failure and co-existing AF [24] . Furthermore, activation of β3-AR affects energy metabolism during the pathogenesis of the heart failure, eventually contributing to cardiac dysfunction [21] . β3-AR antagonist SR59230A attenuates the imbalance of systemic and myocardial oxygen transport induced by dopamine in newborn lambs [25] .
In this study, we found that the β3-AR was upregulated after 7-day pacing and further upregulated after administration of BRL37344. The finding of β3-AR protein expression in the BRL group was consistent with two studies in which β3-AR expression increased significantly during exposure to isoproterenol and BRL37344 respectively [26, 27] . Further activation of β3-AR pharmacologically increased AF induction, while blockage of β3-AR reduced the rate of AF induction, supporting the idea that β3-AR is not only related to the heart failure, but is also related to the progression of AF. This study provides evidence for the potential use of β3-AR antagonists to reduce the incidence of AF.
Interestingly, the expression of β3-AR was barely detected in the SR group. This might be explained by the inhibitory effect of β3-AR antagonism on β3-AR expression. As the primary antibody used for WB effectively reacted with rabbit heart tissue, we speculate that the current dose of β3-AR antagonist may largely or completely inhibit the expression of β3-AR. This observation is also consistent with Sheng's report in which administration of the β3-AR antagonist L748337 decreased β3-AR protein expression [11] . As L748337 has weak partial agonist activity for cAMP accumulation, in this experiment we used another β3-AR antagonist, SR59230A, which is a classic competitive antagonist for cAMP accumulation [28] .
In 2004, Bilsen et al. proposed the concept of cardiac energy metabolic remodeling, suggesting altered high-energy-phosphate content and mitochondrial function and an increased dependence on glucose as substrate instead of fatty acids [13] . Recent studies have also reported the cardiac hypermetabolic state during AF [29] . White et al. showed that the atrial coronary blood flow reserve ability decreased markedly because of atrial oxygen consumption, and coronary flow increased almost three-fold after induction of AF [30, 31] . Moreover, the energy production efficiency declined for fatty acid oxidation. Theoretically, fatty acid oxidation produces more ATP but consumes more oxygen than glucose oxidation [32] . In order to compensate for the hypermetabolic state and save oxygen, fatty acid oxidation might decrease. In this study, we observed that although the ATP level and GLUT-4 expression decreased in the AF group, but they were not statistically different from those of the control group. This may be due to the higher ATP production efficiency of fatty acid oxidation. In the early stage of AF, although fatty acid oxidation decreased it could still provide enough ATP, and substrate preference for fatty acids possibly still remained. Therefore, the ATP concentration showed no dramatic change. The other reason may be related to retained heart function in the early phase of the arrhythmia. In our experiment, using transthoracic echocardiography we did find that the cardiac function remained normal in all animals (data are not shown). However, changes in metabolism resulted in an elevated free fatty acid concentration in the plasma that has been shown to cause an oxygen-wasting effect on the myocardium and result in lipotoxicity to the heart [32] .
Activation of β3-AR decreased CD36 and GLUT-4 significantly, and led to a reduction of fatty acid and glucose transportation, following reduction of CPT-1, which indicates reduced PPARα/PGC-1α involvement in the β3-AR-mediated metabolic remodeling of AF Nuclear receptors, PPARα, β, and α as well as their co-activator PGC-1α have been considered as the core regulator of metabolic remodeling of the heart. The transcriptional control of genes encoding fatty acid and glucose oxidation are largely mediated by PPAR and PGC-1α [33] . For instance, CPT-1 expression can be induced by co-activation of PGC-1α and PPARα [34, 35] . Decreased PGC-1α is a common feature of acquired cardiac disease such as cardiac hypertrophy and heart failure [36] . PPARα-deficient mice also display decreased cardiac fatty acid oxidation rates, and increased glucose oxidation rates, which may result in toxic effects on accumulated lipid metabolites and energetic and functional abnormalities [37] .
In this study, we observed β3-AR activation-dependent regulation of mCPT-1 and PGC-1α expression in cardiac tissue with AF. Moreover, the PPARα/PGC-1α signaling pathway could also be influenced by pharmacological intervention of the β3-AR. These results indicated that in the rabbit model of pacing-induced AF, PPARα/PGC-1α signaling might be involved in the downregulation of mCPT-1 and PGC-1α, and altered energy metabolism in response to β3-AR activation. Reduced fatty acid and glucose oxidation might ultimately result in hypoxiaischemia state in the heart. The fact that inhibition of the β3-AR could enhance PGC-1α/ PPARα signaling and restore energy metabolism further supported the idea that a PGC-1α/ PPARα component might be the effective down-stream machinery in response to AF-induced activation of β3-AR and consequent metabolic remodeling.
Moreover, PPARα alteration was found in diabetic hearts and led to remodeling of a wide variety of ion channels, most prominently I to ; this contributes to repolarization abnormalities and predisposes patients to arrhythmias [38] . We also previously reported that β3-AR activation increases I to in rapidly paced atrial myocytes [10] and reduced AERP. In this study, β3-AR inhibition reversed the AF-induced decrease of AERP also suggests that the PPARα/ PGC-1α signaling pathway contributes to the β3-AR-mediated metabolism remodeling.
Limitations
It has been reported that a decrease in the atrial phosphocreatine level occurred as early as 25 min after AF induction and became significant in 1 week [39] . Therefore, in this study agonist or antagonist treatment was performed at 25 min after forced heart pacing. However, the level of phosphocreatine might vary over time. In this study, we only measured energy metabolism in the early phase of AF, the time-dependent effect in metabolic remodeling will need further exploration.
Thus far, three types of β-ARs have been reported in human and rodent hearts. In this study, for simplicity, we investigated the effect of β3-AR on metabolic remodeling in the presence of nadolol, an antagonist of β1-and β2-AR, to exclude interference from other the two subtypes. However, it will be intriguing to identify their interactions during the progress of AF in the future.
Conclusion
This study provided evidence for a regulating role of β3-AR in AF-induced metabolismrelated protein remodeling. Pacing-induced AF causes activates the β3-AR and disrupts energetic metabolism-related proteins. Inhibition of β3-AR suppresses AF-induced metabolism-related protein disruption via regulating PPARα/PGC-1α pathway. All of these results, together with our previous reports that β3-AR inhibition could block structural [11] Liu
